Acrolein (2-propenal) is ubiquitously present in (cooked) foods and in the environment. It is formed from carbohydrates, vegetable oils and animal fats, amino acids during heating of foods, and by combustion of petroleum fuels and biodiesel. Chemical reactions responsible for release of acrolein include heat-induced dehydration of glycerol, retro-aldol cleavage of dehydrated carbohydrates, lipid peroxidation of polyunsaturated fatty acids, and Strecker degradation of methionine and threonine. Smoking of tobacco products equals or exceeds the total human exposure to acrolein from all other sources. The main endogenous sources of acrolein are myeloperoxidase-mediated degradation of threonine and amine oxidase-mediated degradation of spermine and spermidine, which may constitute a significant source of acrolein in situations of oxidative stress and inflammation. Acrolein is metabolized by conjugation with glutathione and excreted in the urine as mercapturic acid metabolites. Acrolein forms Michael adducts with ascorbic acid in vitro, but the biological relevance of this reaction is not clear. The biological effects of acrolein are a consequence of its reactivity towards biological nucleophiles such as guanine in DNA and cysteine, lysine, histidine, and arginine residues in critical regions of nuclear factors, proteases, and other proteins. Acrolein adduction disrupts the function of these biomacromolecules which may result in mutations, altered gene transcription, and modulation of apoptosis.
Introduction
It has been known for centuries that a water-soluble material is obtained after treatment of fats with alkali to manufacture soap. The French chemist Chevreul (1823) [1] , a pioneer of lipid chemistry, believed this sweet-tasting material to be an alcohol and named it 'glycerin' (glycerol). The thermal degradation product of glycerin was characterized as an aldehyde by Berzelius (1839) [2] , who named it acrolein, which is a contraction of 'acrid' (referring to its pungent smell) and 'oleum' (oil or oil-like consistency). Redtenbacher (1843) [3] then demonstrated that acrolein can be prepared from glycerin by distillation in the presence of dehydrating agents such as phosphorous pentoxide. He remarked that ,in a very highly diluted condition the smell [of acrolein] is not altogether unpleasant, being somewhat ethereal, but a few drops of acrolein brought into a room soon bring the company to tears' (quote from Roscoe and Schorlemmer's A Treatise on Chemistry [4] ). In today's world, acrolein (2-propenal) is an important intermediate for the industrial-scale production of acrylic acid and plastics, which is not discussed in this review. Instead, we focus on the various exogenous and endogenous sources of acrolein and its fate in the human body: how is it eliminated and how does it exert biological and/or toxic effects?
Sources and human exposure
The sources of acrolein that are most relevant to human exposure and toxicity can be grouped into dietary, endogenous, and environmental sources. In the 1991 landmark review published by Esterbauer and colleagues [5] , the ubiquitous presence of acrolein is attributed to incomplete combustion of petrol, wood, and plastic, to smoking of tobacco products, frying of foods in oils, endogenous lipid peroxidation, and to endogenous polyamine metabolism. Not many new sources of acrolein have been identified since publication of Esterbauer's review. However, new insights into Maillard-type chemistry and the function of myeloperoxidase have led to the recognition of methionine and threonine as precursors of acrolein [6, 7] . We will briefly discuss the main chemical sources of acrolein and attempt to determine their relative contribution to the total exposure to humans.
Carbohydrates as a source of acrolein
Heating or baking of carbohydrate-containing foods results in the formation of reactive carbohydrate intermediates that can undergo carbon-carbon cleavage or react with amino acid residues in proteins. For example, heating of glucose may result in loss of the hydroxyl group at position 4 through dehydration, which would yield the appropriate β-hydroxy ketone moiety for release of the acrolein precursor, hydroxy acetone, via retro aldol cleavage of the 3,4-bond ( Fig. 1) . In support of this fragmentation pathway, thermal degradation studies of the Amadori product resulting from the reaction of single 13 C-labeled glucose isotopomers with alanine yielded hydroxy acetone that contained carbon atoms 4, 5, and 6 of glucose [8] . A more prominent pathway produced hydroxy acetone from the C1-C3 fragment of glucose, which the authors rationalized by generation of 1-deoxyglucosone from the Amadori product followed by 3,5-enolization and retro aldol cleavage of the 3,4-bond (Fig. 1A) .
How is acrolein formed from hydroxy acetone? The immediate precursor of acrolein should be 2-hydroxy propanal, which gives acrolein by (heat-induced) dehydration. It has been shown by Fourier-transform infrared spectroscopy that hydroxy acetone can undergo 2,3-enolization to produce the enediol (species b in Fig. 1B ), which exists in equilibrium with 2-hydroxy propanal (c) [9] . The enolization process was promoted by increasing the temperature under acidic conditions [9] . Collectively, these studies lend support to the thermal formation of acrolein from glucose as shown in Fig. 1 : glucose → deoxyglucosone → hydroxy acetone → 2-hydroxy propanal → acrolein.
The interaction between glucose and lipid peroxidation products is intuitively relevant to chronic inflammatory diseases such as atherosclerosis and diabetes. In a simple in vitro model system, Medina-Navarro and co-workers [10] showed increased formation of conjugated dienes (hydroperoxides) from linoleic and arachidonic acid and increased formation of acrolein (low micromolar concentrations) at increasing concentrations of glucose (range 0-15 mM). The incubations were performed with a fixed concentration of fatty acid (2.5 mM) in buffer solutions at pH 8.0 for periods up to 6 h. One interpretation of the results is that lipid peroxidation promotes the formation of deoxyglucosones, which can break down into acrolein by mechanisms shown in Fig. 1. 
Tobacco
Acrolein exposure through cigarette smoke is generally considered to make up a large proportion of total human exposure. This is readily recognized by the observation that the main urinary metabolite of acrolein, 3-hydroxypropyl mercapturic acid, is found at about twice the level in urine of smokers compared to nonsmokers [11] . In the same study, the levels of the acrolein metabolite showed a median decrease of 78% after 4 wk of smoking abstinence (P < 0.0001).
What is the source of acrolein in cigarettes? In the manufacturing process of cigarettes, glycerol is added to tobacco in the range of about 1-5% by weight to maintain moisture and to absorb added flavors. In a toxicological evaluation study of glycerol as a cigarette ingredient, it was found that addition of glycerol at rates of 10 g or 15 g per 100 g tobacco led to a significant 9% increase of acrolein in the smoke (67 and 69 μg/cigarette, respectively), compared to the glycerol addition rate of 5 g per 100 g tobacco (60 μg acrolein/cigarette) and the control cigarettes (56 μg acrolein/cigarette) [12] . From these data it can be calculated that each gram of glycerol added to 100 g of tobacco increases the acrolein emission per cigarette by about 0.9 μg (r 2 = 0.96). Thus, the glycerol-related acrolein emission is small compared to the total emission from cigarettes with no added glycerol (56 μg acrolein/cigarette). We will demonstrate in the following paragraph that carbohydrates in tobacco represent a far more important source of smoke-borne acrolein.
Sugars are normally present in tobacco at levels up to 20% by weight, depending on the method of curing. In addition, tobacco manufacturers add sugar-containing products to tobacco, such as corn syrup, sugar cane molasses, honey, and fruit juices to mask the harsh taste and irritability of tobacco smoke and to achieve brand recognition [13] . In a study of the effect of sugar levels in tobacco on smoke composition, an excellent correlation was found between fructose or saccharose levels in the range 0-16% w/w and the smoke components, formaldehyde, acetaldehyde, and acrolein (r 2 values 0.90-0.98). Smoke-borne acrolein increased in the range 3.7-7.9 μg/cigarette per weight percent of sugar added, compared to control cigarettes that produced 118 μg of acrolein per cigarette [13, 14] . For example, addition of 16% sucrose to cigarettes led to an increase from 118 μg to 215 μg acrolein/cigarette [14] , indicating that carbohydrates are a major source of acrolein in cigarettes. Because cigarettes also produce formaldehyde and acetaldehyde (11 and 578 μg/cigarette in the control cigarettes of the above study, respectively), it is conceivable that a portion of the acrolein is formed by aldol condensation of formaldehyde and acetaldehyde during the pyrolysis process.
Lipids as a source of acrolein
An obvious source of acrolein is the glycerol component of triacyl and diacyl glycerides, but can acrolein also be formed from fatty acids, e.g., by lipid peroxidation? While the mechanism of formation of 4-hydroxynonenal from linoleic acid has been studied in great detail [15, 16] , there is little or no experimental evidence, published in the literature, that supports the proposed mechanism presented in Esterbauer's 1991 review article [5] (Fig. 2) . In fact, some authors have questioned the formation of acrolein from polyunsaturated fatty acids (PUFAs) by lipid peroxidation processes [17, 18] . On the other hand, there are many published studies reporting the formation of acrolein from fatty acids by oxidative degradation, some of which will be mentioned here. Examination of Esterbauer's mechanism tells us that acrolein (consisting of an aldehyde and an olefin moiety) is unlikely to be formed from the fatty acid alkyl terminus (no PUFA has an olefin terminus) or the carboxy terminus (reduction of the R-COOH group to R-CHO will not take place in an oxidative environment). Esterbauer's proposed mechanism is attractive because acrolein originates from the center of the aliphatic chain. There are two main reactions that result in carbon-carbon bond cleavage of lipid hydroperoxides: β-cleavage of the corresponding alkoxy radical, giving an aldehyde and an alkyl fragment, and Hock-fragmentation which yields two aldehyde fragments (mechanism shown in, e.g., Yin and Porter [19] ). Thus, release of acrolein from a precursor lipid hydroperoxide should involve at least one β-cleavage fragment to account for the alkyl terminus, while the aldehyde moiety may arise either via β-cleavage of an alkoxy radical intermediate (shown in Fig. 2 ) or via Hockcleavage of a hydroperoxide.
To determine the origin of acrolein released from lipids, one should distinguish between studies conducted with oils (di-or triglycerides) and studies conducted with fatty acids or their methyl esters. The difference is clearly demonstrated by Pederson and co-workers [20] , who compared the heat-induced release of acrolein (and other volatiles) from rapeseed oil, rapeseed fatty acid methyl esters, and petroleum-derived diesel fuel. Although they did not quantify the volatiles, examination of the GC-MS chromatograms shows that rapeseed oil produced at least 10 2 times more acrolein than the mixture of fatty acid methyl esters in the reactor cell kept at 550°C, demonstrating again the significance of glycerol as a precursor of acrolein.
Small amounts of acrolein were detected upon Fe 2+ /H 2 O 2 -mediated oxidation of PUFAs and their ethyl esters (0.8-13 nmol/mg), but no detectable amounts of acrolein were generated from the mono-unsaturated fatty acid, oleic acid, or its ethyl ester [21] . A detailed and thorough study conducted by Pan and co-workers [22] indicates that acrolein can be released from the ethyl ester of the n-3 PUFA, all-cis-7,10,13,16,19-docosapentaenoic acid, by autoxidation at 50°C. GC and GC-MS analyses of the autoxidation mixture at 48 h of reaction yielded acrolein as a major degradation product, representing 8.1% of the total of volatiles by GC peak area. Other volatiles that were identified include 1-penten-3-ol (1.8%), 1-octene-3-ol (1.1%), 1-penten-3-one (4.3%), 1-octen-3-one (1.5%), and 1,5-octadien-3-one (3.3%). It is conceivable that these 1-alken-3-ols and 1-alken-3-ones were formed from their corresponding 3-hydroperoxy-1-alkenes, which could also yield acrolein by β-cleavage of alkoxy radical intermediates (Fig. 3 ). This would be analogous to the formation of 4-hydroxy-2-nonenal and 4-oxo-2-nonenal from a common hydroperoxy precursor, i.e., 4-hydroperoxy-2-nonenal [23, 24] . In an autoxidation study with cod liver oil stored under air at 25°C for up to 14 wk, an increase in the production of acrolein (from 46 ng/g to 152 ng/g oil), 1-penten-3-one, and 1-penten-3-ol was measured in the headspace after 2 wk of storage [25] . The addition of tocopherol concentrate (800 mg/kg oil) or a combination of tocopherol concentrate and ascorbyl palmitate (200 mg/kg oil) inhibited the formation of all three volatiles upon storage. Interestingly, the co-addition of ascorbyl palmitate decreased the level of acrolein in the headspace, but not the levels of 1-penten-3-one or 1-penten-3-ol. One interpretation of the results is that the formation of the three compounds is facilitated by a lipid peroxidation process as shown in Fig. 3 and that the addition of both antioxidants inhibits this process. The greater decrease of acrolein levels in the headspace of the oil treated with ascorbyl palmitate could be the result of a Michael addition reaction of the ascorbyl moiety with acrolein. Michael reactions between acrolein and ascorbate are well documented in the literature [26] and will be discussed in some detail in Section 3.2.
Umano and Shibamoto [27] determined the release of acrolein from cooking oils and beef fat heated at temperatures in the range 180-320°C for up to 6 h. They observed an increase in acrolein formation with time and temperature, as expected, but they also found a negative correlation between acrolein production and iodine values of the oils (a measure of the degree of unsaturation of the fatty acid moieties). The formation of glycerol requires water for hydrolysis of the triglycerides, which seems to be the limiting factor for acrolein generation from triglycerides. To explain the negative correlation, the authors hypothesized that fatty acid residues with a higher degree of unsaturation are more susceptible to water addition, thereby consuming water that would otherwise be available for ester hydrolysis. They also measured a substantially greater formation of acrolein when the oils and fats were heated in an air atmosphere compared to nitrogen (e.g., 120 g of corn oil released 54 mg of acrolein in N 2 and 81 mg in O 2 atmosphere at 300°C for 2 h), suggesting that free radical mechanisms contribute to acrolein formation. They proposed a mechanism involving a series of homolytic cleavages of ROC(O)R' bonds as an alternative route to acrolein. The same corn oil produced only 5.4 mg of acrolein when heated at 280°C for 2 h, demonstrating that temperature is a major factor in acrolein formation from hot oils and fats. The same trend was observed in a study conducted by Fullana and co-workers [28] : increasing the temperature from 180°C to 240°C resulted in an increase in the generation of acrolein from 53 mg to 240 mg per liter of canola (rape-seed) oil. Olive oil yielded only 9 mg acrolein at 180°C and 34 mg at 240°C, while these numbers were 9 and 24 mg for extra virgin olive oil. The apparent ,resistance' of olive oil (with a relatively low PUFA content) to generate acrolein in this study is not consistent with Umano and Shibamoto's results, who found that olive oil was a ,high-acrolein' producer [27] . Li and co-workers [29] compared the liberation of acrolein from diacylglycerol-rich and triacyl-rich oils derived from soybean and rapeseed oils during potato frying, but found no significant differences between the two types of oils (generation of acrolein was in the range 5.7-9.7 mg per kg of oil heated for 3 h at 180°C). The authors did not investigate the contribution of the potatoes and potato-derived water to the formation of acrolein.
From the studies discussed above, it seems that cooking with oil at temperatures of 180°C generates substantial amounts of acrolein (5-250 mg/kg oil) that is released into the atmosphere. Recently, the total emission of acrolein from commercial kitchens in Hong Kong was estimated at 7.7 tons per year, which far exceeds the annual emission of acrolein from vehicles in that city (1.8 tons/year) [30] . The authors note that the emissions from domestic kitchens and 26% of nonclassifiable commercial kitchens were not included in the estimates. Regardless of the accuracy of the estimates, cooking in highly urbanized areas is a major source of acrolein in the atmosphere. Epidemiological findings indicate that emission of acrolein from wok cooking rather than tobacco smoking is linked to the high incidence of lung cancer in Chinese women [31] . A study conducted by Shields and co-workers [32] determined the acrolein emissions from wok cooking to be highest for unrefined Chinese rapeseed oil and lowest for peanut oil. Acrolein emissions were reduced at lower temperatures, as expected, but also reduced when the antioxidant butylated hydroxyanisole was added to the cooking oil, suggesting that lipid peroxidation processes are involved in the formation of acrolein. Experiments with individual fatty acids revealed that heating of linolenic acid produced the greatest amounts of acrolein and the most mutagenic volatiles, measured in a Salmonella mutation assay. Taken together, these studies suggest that the acrolein-related health problems can be mitigated by better ventilation of cooking areas and by lowering cooking temperatures.
According to Uchida and co-workers [33] , acrolein is produced when low-density lipoprotein (LDL) is oxidized and it forms a bis-adduct with lysine residues (called N ε -(3-formyl-3,4-dehydropiperidino)lysine or FDP-lysine, see Fig. 10 for structure) of LDL-protein. Their evidence is based on detection of FDP-lysine in Cu 2+ -mediated oxidation of LDL, by using an immunological assay that employs a monoclonal antibody specific to FDP-lysine. The FDPlysine adduct was prepared chemically and fully characterized by spectroscopic means (NMR and MS). In separate experiments, free acrolein was detected by ELISA when arachidonic acid and other PUFAs were autoxidized in an iron/ascorbate-mediated free radical generating system. The authors concluded that ,acrolein is not just a pollutant but also a lipid peroxidation product that could be ubiquitously generated in biological systems [33] .
Is lipid peroxidation a major source of acrolein in vivo? In urine of nonsmoking, healthy individuals, the predominant metabolite of the lipid peroxidation product, 4-hydroxy-2-nonenal (HNE), is the mercapturic acid derivative of 1,4-dihydroxynonene (DHN-MA, 2-acetamido-3-(1,4-dihydroxynonan-3-ylthio)propanoic acid). DHN-MA was found in human urine at concentrations of about 2.7 μg/L (8.4 nM) [34] . The analogous acrolein metabolite (S-(3-hydroxypropyl)mercapturic acid, HPMA) was reported to be present in the urine of a nonsmoker at a concentration of 422 μg/L (1.9 μM) [11] . Roethig et al. [35] determined the excretion of HPMA for nonsmoking subjects to be about 250 μg/24 h, which corresponds to about 0.7 μM if the urine volume was 1.6 L/day. These data suggest that there is 10 2 -fold greater production of acrolein metabolites than HNE metabolites in humans. It is generally recognized that degradation of lipid hydroperoxides derived from linoleic or arachidonic acid yields far more HNE than acrolein [18, 36] , and therefore it seems that lipid peroxidation is not likely to represent a major source of acrolein in humans. More prominent endogenous sources of acrolein are amino acids and polyamines (see Sections 2.5 and 2.6).
Biodiesel
If heating or combustion of PUFAs produces acrolein, should we be concerned about acrolein emissions when using biodiesel as an energy source? ,Biodiesel' is most often defined as ,the mono alkyl esters of long chain fatty acids derived from renewable vegetable oils or animal fats for use in compression ignition (diesel) engines [37] .' Commercially available biodiesel is a mixture of fatty acid methyl or ethyl esters, produced by transesterification of triglycerides, and should not be a significant source of glycerol when properly refined. Indeed, acrolein emissions from biodiesel combustion are related to fuel quality and glycerol content [38] . In the United States, soybean oil is the primary raw material for the manufacture of biodiesel (75 million gallons in 2005), while rapeseed oil is mostly used in Europe for this purpose [37] . In general, biodiesel has undetectable SO 2 and lower polyaromatic hydrocarbons emissions, but slightly higher nitrogen oxides (NO x ) emissions than petroleum diesel [39] . In a comparison of a 20% biodiesel-petroleum diesel (B20) blend with petroleum diesel, no statistical difference was measured between acrolein emissions from a bus engine, commonly used in Italy [40] . Studies conducted under the auspices of the U.S. Environmental Protection Agency showed a consistent trend towards reduction in the acrolein emissions from biodiesel-petroleum diesel blends, but the differences were not statistically significant [39] . These data indicate that substitution of petroleum-based diesel with biodiesel does not significantly alter acrolein combustion emissions. Swanson and colleagues cautiously concluded that ,biodiesel exhaust emissions are less likely to present any risk to human health relative to petroleum diesel emissions,' based on their review of the medical literature [37] . [6] demonstrated that the formation of acrylamide from asparagine and methionine requires a carbonyl compound, suggesting the involvement of a Schiff base. The Schiff base formed from methionine and 2,3-butanedione would produce ammonia and 3-(methylthio)propanal (methional) via Strecker degradation upon release of the carbonyl compound as proposed by Mottram and co-workers [6] . This mechanism is similar to the well-known formation of methional from methionine treated with ninhydrin, which converts the amino acid to the corresponding imino acid that subsequently breaks down into methional, carbon dioxide, and ammonia by hydrolysis [41] [42] [43] . Methional can form methanethiol and acrolein via retro Michael cleavage. Alternatively, decomposition of the oxidation product of methional (methional sulfoxide) would yield acrolein and methylsulfenic acid, which readily forms a disulfide with thiols (Fig. 4) . Indeed, methanethiol, dimethyl sulfide, and acrolein were identified as volatile products from the reaction of methionine with ninhydrin [43] . The proposed mechanism in Fig. 4 would also explain the formation of acrolein from methionine and dehydroascorbic acid (a dicarbonyl compound) or ascorbic acid, by heating or boiling in aqueous solutions in the presence of atmospheric oxygen [44] [45] [46] . Interestingly, methional is the primary flavor compound of baked and cooked potatoes. In an effort to improve flavor retention during potato processing, Di and co-workers [47] developed a transgenic potato with sixfold higher concentrations of soluble methionine in the tubers compared to wild-type potatoes. The observed increase in methional formation during baking correlated with the soluble methionine levels in the tubers. Acrolein production was not measured in this study. Little is known about human exposure to acrolein through consumption of baked or cooked potatoes. It is conceivable that a fraction of the methional produced during cooking of potatoes is converted into acrolein after potato consumption by Soxygenation and dissociation of the resulting sulfoxide (see Section 3).
Amino acids as a source of acrolein

Methionine-Mottram and colleagues
Threonine-Threonine has been identified as an endogenous source of acrolein by
Anderson and colleagues [7] . The conversion of threonine into acrolein was found to be mediated by myeloperoxidase present in human neutrophils (Fig. 5) . Myeloperoxidase plays a role in killing bacteria and other pathogens by forming hypochlorous acid (HOCl) from chloride and hydrogen peroxide (H 2 O 2 ). Acrolein production by myeloperoxidase in vitro requires both H 2 O 2 and chloride ions, which indicates that a chlorinated intermediate is necessary to form acrolein and its precursor 2-hydroxypropanal (Fig. 5) . Treatment of threonine with HOCl also generated acrolein and 2-hydroxypropanal. In a murine model of acute myocardial infarction, myeloperoxidase was found to be a major enzymatic source of acrolein, as demonstrated by a dramatic increase of acrolein in ischemic cardiac tissue obtained from wild-type mice as compared to myeloperoxi-dase-deficient (MPO null) mice [48] . The authors also observed that the MPO-null mice showed better cardiac function 24 days after the ischemic injury. These findings suggest that MPO-mediated oxidation of threonine can yield acrolein under conditions of acute oxidative stress in humans such as myocardial infarction and stroke.
Acrolein can also be formed from threonine during heat treatment of foods via Strecker degradation. In this case, 2-hydroxypropanal is the Strecker aldehyde [49] which forms acrolein by loss of a water molecule (cf. Fig. 1 ).
Polyamines
The physiological role of polyamines, such as spermine and spermidine, is to assist in the regulation of cell proliferation and differentiation. Polyamines, which are derived from arginine (ornithine) and decarboxylated S-adenosylmethionine [50] , occur in all cells [51] and can reach high micromolar concentrations in brain tissue [52] . Acrolein is formed endogenously from polyamines by copper-dependent amine oxidases (plasma/serum amine oxidase, diamine oxidase, and semicarbazide-sensitive amine oxidase) and by FAD-dependent polyamine oxidases, monoamine oxidase, and spermine/polyamine oxidase [53] . 3-Aminopropanal appears to be the main metabolite of polyamine catabolism mediated by FAD-dependent enzymes, which can dissociate into acrolein and ammonia [53] . There has been some dispute as to whether spermine is metabolized by copper-dependent plasma amine oxidase at the primary amino termini or at the secondary amine sites [54] [55] [56] . Both pathways would yield spermidine, acrolein, and 3-aminopropanal via an intermediate imine species followed by hydrolysis and addition/elimination reactions. The group of Sayre [56] ended the dispute by showing that homospermine is exclusively metabolized at the primary amino groups, yielding aldehydes that do not spontaneously release acrolein via retro-Michael cleavage (which caused the confusion in previous studies). Thus, spermine is oxidatively deaminated by plasma amine oxidase to give spermidine and acrolein. Spermidine can undergo a second oxidative deamination, yielding putrescine and acrolein (Fig. 6) . It was also shown by Lee and Sayre that the formation of 3-aminopropanal can be explained by Michael-type addition of ammonia to acrolein [56] .
The amine oxidase activity in plasma of patients with chronic renal failure was significantly enhanced compared to normal subjects (P < 0.01) as was the protein-bound acrolein levels in plasma (1.42 μM versus 0.53 μM, P < 0.01). FDP-lysine (see [33] ) levels were also enhanced in these patients (170 μM versus 31.2 μM, P < 0.001) [57] . These data suggest that polyamine catabolism may be a significant source of acrolein compared to lipid peroxidation.
Metabolic fate
Glutathione conjugation with acrolein
Acrolein is soluble in water, in alcohol, and in diethyl ether, and therefore it can travel across membranes by passive diffusion. The main pathway for elimination of acrolein is conjugation with glutathione (GSH) in the liver, followed by enzymatic cleavage of the γ-glutamic acid and glycine residues, respectively, in the liver and in the kidney [58, 59] , and N-acetylation of the resultant cysteine conjugate to form S-(3-oxopropyl)-N-acetylcysteine (OPMA) in the kidney. Reduction of this aldehyde yields S-(3-hydroxypropyl)-N-acetylcysteine (HPMA), the main metabolite of acrolein found in urine [11, 60] , while oxidation of the aldehyde group produces S-carboxyethyl-N-acetylcysteine (carboxyethyl mercapturic acid, CEMA) (Fig. 7) . Oxidation of acrolein may precede conjugation with GSH, thus forming acrylic acid. Enzymemediated epoxidation of acrolein produces glycidaldehyde, an instable intermediate that can react with water to yield glyceraldehyde [61] or it can form a conjugate with GSH [62] . Additional metabolites identified in the 0-24-h urine after oral administration of [2, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C] acrolein to rats (2.5 mg/kg) include 3-hydroxpropionic acid (6-30% relative abundance), malonic acid (trace), and N-acetyl-S-(2-carboxy-2-hydroxyethyl)-cysteine (8-18%), an endproduct metabolite of GSH addition to glycidaldehyde [62] (Fig. 7) . The feces in the [2,3-14 C]acrolein metabolism study were also examined, but revealed no discrete metabolites: the radioactivity resided in a fraction with a molecular weight range of 2000-20000 Da [62] . Interestingly, a large proportion of the radioactivity was retained in oxalic acid (16-33%) when acrolein was administered orally, but no radioactive oxalic acid could be detected after intravenous injection, suggesting that it is formed in the gastrointestinal tract by the gut microflora [62] .
It has been pointed out by Esterbauer and others [5] that acrolein reacts 110-150 times faster with GSH than HNE. While GSH conjugation of acrolein can proceed without catalyst, the same enzyme that mediates the formation of the GSH-HNE conjugate also catalyzes the formation of the acrolein conjugate, i.e., glutathione-S-transferase isoenzyme A4-4 (GSTA4-4). When GSTA4-4 was overexpressed in mouse pancreatic islet endothelial (MS1) cells, the concentration of acrolein producing 50% reduction in cell viability (LC 50 measured by MTT absorbance) increased from about 5 μM for the wild-type cells to about 38 μM for the transfected cells overexpressing GSTA4-4. In addition, the GSTA4-transfected cells showed a significantly greater growth rate than the wild-type cells, indicating that acrolein is detoxified by GSTA4-mediated conjugation with GSH [63] . Acrolein is also a substrate for GST A1-1, GST M1-1, GST P1-1 [64] , and GST T1 [65] .
Some individuals may be more susceptible to acrolein toxicity due to impaired GST activity. Palma and co-workers [66] found that smokers carrying the GSTM1-null genotype showed a significantly higher frequency of micronuclei (a measure of DNA damage) compared with GSTM1-positive smokers, while no such association was found in nonsmokers. Because acrolein is a substrate for GST M1-1 [64] , smoking individuals with the GSTM1-null genotype may be particularly susceptible to the genotoxic and immunosuppressive effects of acrolein. A GST polymorphism does also exist for GST P1-1 in humans: four allelic variants for this GST isoenzyme have been identified, one of which has a significantly lower catalytic efficiency in GSH conjugation of acrolein [67] .
The mercapturic acid of acrolein, OPMA, was shown to be more toxic than its homolog, S-(4-oxobutyl)-N-acetylcysteine, in human lung adenoma A549 cells [68] . The authors of this study concluded that the toxicity of OPMA is not due to OPMA itself, but due to release of acrolein by retro-Michael cleavage (β-elimination), which is not possible for the homolog. They also demonstrated that OPMA-S-oxide is more toxic than OPMA when cell proliferation was used as an index of toxicity (IC 50 of 22 μM versus 83 μM). One explanation for this finding is that OPMA-S-oxide releases acrolein more facilely than OPMA due to the polarizing effect of the oxygen atom in the sulfoxide (see Fig. 7 ). Similar results were obtained by Hashmi and colleagues [69] , who observed release of acrolein from OPMA-S-oxide but not from OPMA under basic conditions. While both conjugates showed cytotoxicity in isolated rat renal proximal tubular cells, cytotoxicity was reduced for OPMA but not for its S-oxide when the cells were treated with methimazole, an inhibitor of flavin-containing monooxygenase (FMO). The authors suggested that FMO-catalyzed S-oxygenation (bioactivation) of OPMA contributes to its cytotoxicity in the kidney [69] , which would offer an explanation for the observed nephrotoxicity in rats given acrolein-GSH adduct intravenously [70] and possibly for acrolein's suspected involvement in cyclophosphamide-related urinary bladder cancer (acrolein is a metabolite of cyclophosphamide) [71] . In general, S-oxygenation can be mediated by cytochrome P450s and by FMOs. One FMO isoenzyme, FMO2, is highly expressed in the lung of rabbits and can account for 10% or more of the total microsomal protein fraction [72] . Humans show genetic polymorphism in the expression of FMO2 in lung [73] . Although it is not known whether the GSH conjugate of acrolein is a substrate for FMO2, it is conceivable that the GSH conjugate is bioactivated in the lung, which could be relevant to acrolein exposure through cigarette smoke.
As mentioned above, HPMA is the major urinary metabolite of acrolein. When allylamine was administered to rats by gavage (5-150 mg/kg), 44-48% of the dose was converted to acrolein by oxidative deamination and found in the urine as HPMA during the first 24 h. A small amount (3% of the dose) was excreted in the urine as HPMA in the second 24-h period. Oral administration of acrolein to rats resulted in 79% recovery as HPMA in the 0-24-h urine [74] . In another study, the sum of HPMA and CEMA excreted in the urine during the first 24 h after intraperitoneal administration of acrolein to rats (0.5-2.0 mg/kg) accounted for 29.2 ± 6.5% of the dose. CEMAwas estimated to represent less than 10% of the total amount of mercapturic acids recovered in the urine [75] . In the same study, HPMA and CEMA were also found in the urine of rats exposed to acrolein by inhalation, but at lower recovery rates [75] . Unlike experiments conducted with liver tissue preparations from rats, lung tissue preparations failed to show conversion of acrolein into acrylic acid, suggesting that acrolein metabolism may be different in the liver and the lung [61] .
In humans, the mean levels of HPMA in first-void morning urine are about 4.0 nmol/mg creatinine for smokers and 0.7 nmol/mg creatinine for nonsmokers [11] . The average concentration of 3-HPMA in the urine of the smoker subjects was 1095 ng/mL urine, which translates into HPMA excretion of about 1.7-2 mg/day [11] (= 7.7-9 μmol). For comparison, the exposure to acrolein from one cigarette is about 60 μg or 1.1 μmol (see Section 2.2).
Ascorbate adduction to acrolein
The reaction of ascorbic acid (vitamin C) with acrolein was first described by Fodor and colleagues in 1983 [26, 76] . It is classified as a Michael addition reaction, in which ascorbate (an enolate) plays the role of carbon nucleophile and acrolein that of Michael acceptor (Fig.  8) . The Michael adduct undergoes further cyclization to form a 5,5,5-tricyclic spiro-compound in aqueous solvents and a 5,5,6-tricyclic system in anhydrous solvents [77] . The different outcomes of the cyclization reaction are most likely due to chelation (hydrogen-bonding) between OH-2 of the ascorbyl moiety with the lactone-carbonyl in anhydrous solvents, which leaves only OH-3 available for hemi-acetalization with the aldehyde functionality (pathway b in Fig. 8) . In aqueous solvents, the lactone-carbonyl is H-bonded with solvent water molecules and OH-2 can now form the hemi-acetal with the aldehyde (pathway a). The reactions proceed in a stereo-specific manner and the structures of the products have been determined by X-ray diffraction and NMR spectroscopy [78, 79] .
What is the biological relevance of this reaction, which we have termed ,nucleophilic ascorbylation' (to distinguish it from the well-known (electrophilic) ascorbylation of proteins in which dehydroascorbic acid plays the role of electrophile, see, e.g., [80] )? Can ascorbylation of acrolein compete with GSH conjugation? It is readily recognized that GSH is a ,better' nucleophile than ascorbate, that is, GSH will react faster with acrolein than ascorbate. In other words, the outcome of the competition between both nucleophiles will show the acrolein-GSH adduct as the kinetic product, especially if the conjugation reaction is catalyzed by GST enzymes. As shown above, the acrolein-GSH adduct formation is reversible and acrolein can be released. Calculations conducted in our group indicate that ascorbylation of acrolein is thermodynamically favored over GSH adduction: the reaction AscH + GS-ACR → AscACR + GSH has a ΔG of -11 kcal/mol. In view of the fact that ascorbic acid and GSH both occur in cells at similar concentrations in the low millimolar range [81] , ascorbylation could have biological relevance. Vitamin C-adequate cells exposed to acrolein show a dramatic decrease in the cellular level of vitamin C, and yet the (non-enzymatic) reaction of ascorbate with acrolein has often been ignored as a mechanism for the decrease of acrolein cytotoxicity or for the observed protection against acrolein cytotoxicity by ascorbic acid (see, e.g., [82] [83] [84] ). For instance, Arai and colleagues [83] suggested that ,ascorbate can play and important role in preventing atherogenesis by suppressing the modification of apoE and VLDL by acrolein.' Did adduction of ascorbic acid (1 mM) to acrolein (400 μM) contribute to the observed protection? Numerous acrolein exposure studies using cultured human cells have been conducted in the absence of ascorbic acid (human cells cannot synthesize ascorbic acid), which does not represent normal physiology and conclusions drawn from those studies as to acrolein toxicity may not be relevant to the in vivo situation.
Interaction of acrolein with biomolecular targets
Adduction of acrolein to DNA
The reaction of deoxyguanosine (dG) with acrolein to form 1,N 2 -propanodeoxyguanosine (PdG) adducts in vitro was first described by the Hecht laboratory [85] . Adduct formation can be initiated by Michael-type addition of either N-1 or N 2 of dG to C-3 of acrolein to yield two regioisomers, α-and γ-hydroxy-PdG, each of which exist as a pair of stereo-isomers (Fig. 9) . The γ-hydroxy isomer was formed as a major and the α-hydroxy isomer as a minor product after incubation of acrolein with dG or calf thymus DNA [85] . Both isomeric adducts were shown to induce base substitutions with G→C transversions predominating. α-Hydroxy-PdG gave rise to a higher miscoding frequency when incorporated into DNA of human xeroderma pigmentosum A cells [86, 87] . HydroxyPdG adducts have been detected in liver tissue DNA of humans and rodents without carcinogen treatment [88] . The levels of the γ-hydroxy-PdG adduct were about threefold higher in oral tissue obtained from smokers compared to nonsmokers (P = 0.003) [89] .
Feng and colleagues [90] reported that acrolein exposure to human lung cells produces a pattern of DNA damage in the p53 tumor suppressor gene which appeared to be similar to the p53 pattern of mutations found in lung cancer. They also observed that acrolein reduces the DNA repair capacity for damage induced by benzo[a]pyrene diol epoxide, a metabolite of the wellknown cigarette procarcinogen, benzo[a]pyrene. In view of the much greater abundance of acrolein in cigarette smoke compared to benzo[a]pyrene (60 μg versus 1.5-15 ng per cigarette [91] ), the authors suggest that acrolein may represent ,a major etiological agent for cigarette smoke-related lung cancer [90] .' This is a potentially important finding, because it opens avenues for decreasing the probability of cancer development in smokers by decreasing acrolein release from cigarettes through altering the amounts and composition of additives to cigarettes (see Section 2.2 and Hecht's [91] commentary on the paper by Feng et al.).
Acrolein adduction to amino acids and cross-linking of proteins
Acrolein-induced toxicity has previously been reviewed by Beauchamp et al. [92] and by Kehrer and Biswal [93] . Numerous studies indicate that acrolein-induced toxic effects can at least to some extent be rationalized by depletion of cellular GSH [93] . In addition, acrolein exerts its biological effects through reaction with nucleophilic sites in proteins, i.e., the sulfhydryl group of cysteine, the imidazole moiety of histidine, and the ε-amino group of lysine, thereby impairing protein function. It prefers to form Michael-type adducts with cysteine residues due to its highly polarizable, conjugated π-electron system [94] . Similar to adduction of the guanidine moiety of DNA (Fig. 9) , acrolein can form propano adducts with the guanidine group of arginine [95] (Fig. 10) . Acrolein has been reported to form a bis-adduct with lysine residues, named N ε -(3-formyl-3,4-dehydropiperidino)lysine (FDP-lysine) [33] . The electrophilic α,β-unsaturated carbonyl moiety is retained in FDP-lysine, allowing it to react further with sulfhydryl compounds, such as GSH [96] , or other nucleophilic sites in proteins under formation of cross-links [97] . FDP-lysine has been detected immunochemically in brain tissue from Alzheimer's disease patients, particularly in neurofibrillary tangles of the microtubule-associated protein Tau [98] . Acrolein-modified α-synuclein has been detected by immunostaining using anti-acrolein monoclonal antibody, and subsequent in vitro experiments indicated that acrolein modification of α-synuclein promotes the formation of protein aggregates presumable via FDP-lysine-mediated cross-links [99] . There is a large number of potential protein targets that have redox-and/or electrophile-sensitive sites. Some examples are outlined in the following sections.
Acrolein as a modulator of stress-mediated gene activation
Many transcription factors are regulated by redox-dependent mechanisms and utilize cysteine residues as ,redox switches.' One toxicologically important example is the oxidative stresssensing transcription factor, nuclear factor-κB (NF-κB). NF-κB is critically involved in the expression of more than 400 genes that play a role in the regulation of antioxidant defense, apoptosis, and inflammatory and immunological responses [100, 101] . The five members of the NF-κB family of proteins are p50/p105 (NF-κB1), p52/p100 (NF-κB2), c-Rel, RelB, and p65 (RelA). These proteins are characterized by their Rel homology domains, which control DNA binding, dimerization, and interactions with inhibitory factors known as Iκ-B proteins [101] . In its inactive state, NF-κB is bound to the inhibitor protein I-κB and resides in the cytoplasm. Activation of the transcription factor is mediated by phosphorylation of I-κB. Disassembly of the I-κB/NF-κB complex leads to inactivation of I-κB via ubiquitination and subsequent rapid degradation by the 26S proteosome. The release of NF-κB permits its translocation to the nucleus, where it can regulate the expression of specific genes [101] .
Recently, Lambert et al. [102] reported on the immune-suppressing effects of cigarette smoke. Using human T-cells, they determined the effects of acrolein and related aldehydes on the production of proinflammatory cytokines, including interleukin-2 (IL-2), IL-10, granulocytemacrophage colony-stimulating factor, interferon-γ, and tumor necrosis factor α (TNF-α). Acrolein inhibited the production of proinflammatory cytokines with an IC 50 of 3 μM, which could be physiologically relevant in view of the amounts of acrolein generated by a single cigarette (60 μg = 1.1 μmol). The saturated aldehydes, acetaldehyde, propanal, and butanal, were inactive, presumably due to their inability to form Michael-type adducts with cysteine residues in NF-κB [102] . NF-κB-DNA binding was decreased by acrolein after mitogenic stimulation of T cells. In addition, these authors showed that acrolein was very effective in inhibiting the binding of NF-κB1 (p50 subunit) to the IL-2 promoter using a chromatin immunoprecipitation assay.
How does acrolein affect NF-κB-mediated gene activation? Using MS/MS, Lambert et al. [102] identified acrolein-modified amino acid residues in the p50 subunit, the DNA-binding domain of NFκB, after exposure of the protein to acrolein, i. e., Cys-61, Cys-87, Cys-118, Cys-123, Cys-261, Cys-272, Arg-230, and His-306. The in vitro experiment also revealed acrolein adduction to Arg-307, forming six-membered heterocycle. From previous mutation studies in combination with thiol labeling approaches, it was known that Cys-61 is critical for the DNA-binding activity of p50 [103, 104] . Analysis of the crystal structure of the NF-κB (p50/p65 heterodimer) bound to DNA supports a role of Arg-307 in mediating binding of p50 to DNA [105] . Crotonaldehyde exposure resulted in a similar pattern of adduction with modification of Cys-61 predominating. Taken together, Lambert and colleagues concluded that acrolein and other 2-alkenals found in cigarette smoke can disrupt physiological regulation of gene expression by direct modification of the DNA-binding domain of a transcription factor and, as a consequence, they may cause immunosuppression upon exposure via cigarette smoke.
Acrolein as an inducer of the Keap1-Nrf2-dependent ARE/EpRE signaling pathway
Nuclear erythroid-2 related factor 2 (Nrf2) is a member of the ,basic leucine zipper'-type transcription factor family. Nrf2 regulates the cellular redox homeostasis and orchestrates the enzymatic protection machinery against oxidative injuries and electrophile stress [106] . Nrf2 binds to and activates the ,antioxidant response element (ARE),' also referred to as the ,electrophile response element (EpRE)' [107] . Many ARE-dependent genes are involved in (i) synthesis of antioxidant defense enzymes (e.g., γ-glutamyl cysteine synthetase modifier subunit, γ-glutamyl cysteine synthetase catalytic subunit, heme oxygenase-1 (HO-1), superoxide dismutase, GSH reductase, GSH peroxidase, thioredoxin, thioredoxin reductase, peroxiredoxins, and cysteine/glutamate transporter), (ii) xenobiotic metabolism (e.g., NADP
[H] quinone oxidoreductase 1, GSTs, and UDP-glucuronosyltransferase), and (iii) synthesis of xenobiotic efflux pump proteins (e.g., MRP1 and MRP2) [108] . Acrolein has been reported to induce transcriptional activation of ARE-dependent genes, resulting in the upregulation of phase II enzymes and cytoprotection against electrophile stress. For example, Wu et al. [109] demonstrated increased expression of the antioxidant enzyme HO-1 in endothelial cells that were exposed to acrolein. Exposure of human lung epithelial (A549) cells to acrolein (150 fmol/cell for 1 h) first depleted 80% of the intracellular GSH pool and then increased the transcription of γ-glutamylcysteine synthetase at 6-12 h post-treatment, resulting in normalization of GSH levels. Acrolein treatment also activated the transcription of phase II genes, as indicated by an increase in mRNA coding for NAD(P)H:quinone oxidoreductase [110] .
How does acrolein induce transcription of ARE-driven genes and expression of stress-response proteins, such as phase II biotransformation enzymes and antioxidant proteins? In the cytoplasm, Nrf2 is inactive when bound to Kelch-like ECH-associated protein 1 (Keap1). Nrf2 activity is controlled by binding to and dissociation from Keap1, and by proteosomal degradation [111] . Under conditions of oxidant or electrophile stress, Keap1 loses affinity for Nrf2, thus promoting translocation of Nrf2 from the cytoplasm into the nucleus and induction of gene expression related to oxidant defense and electrophile detoxification [106, 112] . Human Keap1 is structurally organized into five major domains: the N-terminal domain (amino acids 1-60); the "Broad complex, tramtrack and bric-a-brac" BTB domain (amino acids 61-179); the central intervening IVR domain (amino acids 180-314); a double glycine-rich domain comprising six Kelch repeat motifs (amino acids 315-359, 361-410, 412-457, 459-504, 506-551, and 553-598); and a C-terminal domain (amino acids 599-624). The BTB and IVR domains are required for the redox-and electrophile-sensitive regulation of Nrf2 through a series of reactive cysteines [113] [114] [115] . Human Keap1 has 27 cysteine residues (while rodent Keap1 has 25), nine of which are predicted to be particularly reactive due to their location adjacent to basic amino acids. Especially neighboring lysine residues can decrease the pK a of the thiol and so increase the nucleophilicity of the thiol [106] . Moreover, cysteine residues coordinated with Zn 2+ in Keap1 are particularly active as redox sensors [116] .
Several research groups have studied the reactivity of the cysteine residues as Michael-type donors in murine and human Keap1-Nrf2 systems. It appeared that the reactivities of the cysteines in human Keap1 are different from the corresponding cysteines in mouse Keap1 [112] [113] [114] [115] 117] . Despite some uncertainty regarding the exact order of the reactivity of the cysteine residues towards different electrophiles, Cys-151 (located in the BTB domain) was identified as the most reactive nucleophilic site in human Keap1 [113, 117] . It is conceivable that multiple cysteines in Keap1 can be modified by different inducers and it is likely that sites of sulfhydryl modification may vary among the different chemical compound classes and across species [118] . Furthermore, modification experiments of diverse Keap1-Nrf2 complexes indicated that sulfhydryl alkylation by different Michael acceptors did not lead per se to Keap1-Nrf2 complex dissociation and Nrf2 translocation. To account for these unexpected findings, Mesecar and colleagues [113] recently proposed an alternative model for Keap1-Nrf2-mediated cell signaling. In their model, nuclear accumulation of Nrf2 is achieved via the following events: (i) alkylation of Cys-151 by electrophiles leads to disruption of the homodimerization site and to conformational changes in the BTB domain of Keap1, which would result in altered accessibility of the site of ubiquitination in Nrf2 and thus decreased proteosomal degradation, and (ii) increased ubiquitination and turnover of Keap1. Both events would lead to elevated levels of active Nrf2 and Nrf2 nuclear accumulation. Although the details of the molecular mechanisms of the Nrf2-mediated response to electrophile stress remain to be elucidated, it seems somewhat provocative to suggest that, at low concentration, acrolein may actually exert cytoprotective effects by inducing phase II enzymes via activation of Nrf2 [119] .
Acrolein adduction to phosphatases
Electrophile-mediated stress not only affects the transcription of many genes but also interferes with redox-sensitive signal transduction pathways, because many constituents of these pathways have reactive cysteine residues. The consequences of the reaction of acrolein with functionally critical protein thiol residues of protein tyrosine phosphatases (PTPs) have only recently been recognized.
All of the known PTPs contain a strictly conserved sequence motif at the active site, C(X) 5 R (S/T). The cysteine thiol of the active site attacks the phosphate group of phosphorylated tyrosine (pY), thereby forming a transient phosphocysteinyl enzyme intermediate [120, 121] . This mechanism has been well established for PTP1B, the archetypal member of the PTP family of enzymes. In vitro exposure of the catalytic subunit of human PTP1B (a.a. 1-322) to acrolein revealed that acrolein is a potent time-dependent inactivator of PTP1B. The concentration of acrolein required to achieve a half-maximal rate of inactivation, K I , was determined to be 2.3 ± 0.6 × 10 -4 M and the maximum rate of inactivation at saturating concentrations of acrolein, k inact , was 0.02 ± 0.005 s -1 . The apparent second-order rate constant for inactivation of the enzyme by acrolein (k inact /K I = 87 M -1 s -1 ) is comparable to that for hydrogen peroxide (10 M -1 s -1 ) [122] , a known endogenous regulator of PTP1B activity. These data suggest that inactivation of PTP1B by acrolein is a consequence of covalent modification of the enzyme. Indeed, the active site cysteine, Cys-215, was identified by MS/MS as the major site of acrolein adduction, while histidine-214 of the active site showed only little reactivity towards acrolein [123] . In conclusion, inactivation of PTPs through acrolein adduction to cysteine in the active site leads to disruption of normal cellular signaling cascades and should be considered as an important chemical mechanism contributing to the cellular toxicity of acrolein [124] .
Acrolein induces necrotic and apoptotic cell death
Acrolein can either induce apoptosis [82, 125] or have an inhibitory effect on apoptotic pathways as observed for human neutrophils [126] . Acrolein induced apoptosis in human lung epithelial (HBE1) cells at 10-25-μM and in isolated human alveolar macrophages at 25-μM exposure, as indicated by DNA fragmentation after 24 h of exposure. Acrolein has also been reported to cause necrotic cell death when proB lymphoid cells were exposed to acrolein at concentrations greater than 10 μM in the culture medium lacking serum [127] . Averill-Bates and colleagues [125, 128] demonstrated that acrolein can induce apoptosis in Chinese hamster ovary (CHO) cells, either through the intrinsic pathway which involves cytochrome c release [125] or through the extrinsic pathway by activation of death receptors [128] . Differences in cell types, cell culture conditions, medium composition, and acrolein concentration may explain some of the variable findings.
In general, there are two principal pathways of xenobiotic-induced apoptosis. First, in the extrinsic pathway xenobiotics interact with so-called death receptors (e.g., Fas, also called Apo-1 or CD95) or tumor-necrosis factor receptor, TNF-R) to cause activation of the deathinducing signaling complex (DISC). DISC recruits the initiator proteases, i. e., caspase-2, -8, and -10. Caspases are dormant as inactive zymogens and require cleavage by other caspases in order to become catalytically active proteases. The initiator caspases will then activate the effector caspases-3, -6, and -7 to initiate the cell-death program leading to degradation of cellular targets. Second, in the intrinsic or mitochondria-mediated pathway, intracellular stress signals lead to release of cytochrome c from the mitochondrial intermembrane space into the cytosol, where it binds to the apoptotic protease activating factor-1 (Apaf-1). Binding of cytochrome c to Apaf-1 triggers the formation of the apoptosome (l1 MDa oligomeric, Apaf-1-containing complex) that catalyses activation of the apoptosome-bound procaspase-9. Caspase-9 then activates the effector caspase-3 resulting in the execution of the cell-death program [129] . The events that lead to release of cytochrome c are not well understood, but one possible key event seems to be the formation of the mitochondrial permeability transition pore (PTP), a multi-subunit protein channel that is permeable for solutes of less than 1500 Da [130, 131] . The opening of this Ca 2+ -dependent pore is thought to control the commitment of the cell to die through apoptotic mechanisms or to undergo necrosis [132, 133] .
Kern and Kehrer [127] reported that in murine FL5.12 proB lymphocytes, acrolein at low levels (<10 μM) induces only very modest levels of apoptosis while causing almost exclusively necrosis at higher doses. How can acrolein direct cellular death pathways, apoptosis versus necrosis? Tanel and Averill-Bates [125] have observed during their studies on apoptotic pathways in CHO cells that procaspase-3 was proteolytically processed but that caspase-3 was not catalytically active. Finkelstein et al. [126] reported that exposure of human neutrophils to acrolein also prevented the activation of caspase-3. Why can acrolein inactive cas-pases? Caspases are members of the cysteine-aspartate-specific proteases and, as such, have a cysteine residue in their active center [129] . The mature caspase-3 exists as heterotetrameric protein complexes, in which two heterodimers (p12-p17), consisting of the small (p12) and large subunit (p17), interact to form a 12-stranded β-sheet that is sand-wiched by α-helices. In the heterotetrameric complex (p12-p17) 2 , the two heterodimers are oriented in a head-to-tail configuration. Accordingly, the active site of each heterodimer is at opposite sites of the caspase fold. The catalytically active center of caspase-3 comprises Cys-163 and His-121 located in the p17 subunit. The tetrahedral transition state is stabilized by hydrogen bonding with the backbone amide proton of Gly-122 [134] . Due to the spatially close histidine-residue, the cysteine sulfhydryl group is particularly reactive and, in turn, can be readily regulated by oxidative or nitrosative stress [135] or become inactivated by alkylation reactions with reactive electrophiles, such as acrolein.
In addition, several lines of evidence suggest that exposure of cells to electrophiles decreases the mitochondrial membrane potential and promotes pore opening. Studies conducted by Darley-Usmar and colleagues [136] have demonstrated that the electrophilic lipid peroxidation product, 15-deoxy-Δ 12,14 -prostaglandin J 2 (15d-PGJ 2 ), is capable of inducing apoptosis in liver mitochondria. According to the ,two hit' mechanism proposed by Brookes et al. [132] , electrophile stress potentiates opening of the PTP under conditions of elevated Ca 2+ levels in the mitochondrial matrix. Using biotin-tagged 15d-PGJ 2 , Darley-Usmar and colleagues were able to identify several putative mitochondrial protein targets of 15d-PGJ 2 , two of which seem to be particularly relevant to the opening of the PTP, i.e., ANT (adenine nucleotide translocase) and ATP synthase [132] . ANT, a constituent of the PTP complex, plays a role as one of the key modulators of the pore opening process in which ANT thiols are proposed to serve as redox-sensitive target sites [130, 131] . Elevated Ca 2+ levels in the mitochondrial matrix result in upregulation of ATP synthase and other components of the oxidative phosphorylation machinery in order to meet the increased ATP demand [133] . The concomitant enhanced respiratory chain activity may increase oxidative stress and production of acrolein. In our laboratory, we have used aldehyde/keto-specific probes in combination with MS to characterize protein targets of α,β-unsaturated aldehydes in cardiac mitochondria isolated from rats of different ages. Our studies repeatedly identified Cys-256 in ANT as a major site of acrolein adduction (Fig. 11) [137] . We also identified several sites in subunits of ATP synthase that were modified by acrolein: Cys-294 in ATPase α-chain, Cys-78 in ATP synthase γ-chain, Cys-239 in ATP synthase B chain, Cys-100 in ATP synthase D chain, and Cys-141 in ATP synthase O subunit (unpublished results). It seems possible that inactivation of ATP synthase by a wide range of electrophiles may interfere with apoptotic cell death pathways. Further investigations are needed to examine how modifications by acrolein modulate the function of proteins and cellular processes.
Concluding remarks
What is the impact of acrolein exposure on human health? The most obvious single source of acrolein is tobacco smoke. Because there are many tobacco smoke constituents with biological effects detrimental to human health, it is often not possible to contribute a tobacco-related effect to acrolein. The study conducted by Lambert and colleagues [95] is significant, because it identified a link between acrolein and suppression of immune responses (a well-known effect of cigarette smoke) through inhibition of the NF-κB pathway (see Section 4.3). The acrolein concentrations used in this study (low micromolar range) may be reached in lung tissue after smoking several cigarettes. This finding may thus provide an explanation for the epidemiological observations that smoking or exposure to tobacco smoke increases the incidence of viral, bacterial, and mycobacterial diseases of the lung [138] [139] [140] [141] . Similarly, cooking in poorly ventilated kitchens has been associated with respiratory illnesses, weakening of the immune system, and lung cancer in rural China [142] . It is conceivable that acrolein is co-responsible for these effects. As mentioned in Section 2.3, acrolein emissions from food cooking are far from negligible: the total acrolein emission from commercial kitchens in Hong Kong has been estimated at 7.7 tons per year (see [30] ).
According to the U.S. Environmental Protection Agency, the main source of acrolein exposure to humans is the atmosphere, which contains 8.2-24.6 μg acrolein per m 3 (mean 14.3 μg/m 3 ) [143] . Acrolein concentrations in smoky indoor air can be much higher. Assuming that human air intake is 10.8 m 3 /24 h [144] , acrolein exposure through atmospheric contact would amount to 154 μg or 2.75 μmol/24 h. This quantity of acrolein is roughly equal to the amount generated by smoking 2.5 cigarettes, which explains why there is a relatively high level of HPMA found in the urine of nonsmokers [11] . In view of the ever-increasing acrolein emissions into the environment, acrolein as a direct irritant may increasingly become a health hazard in individuals with respiratory diseases such as asthma [145] . Formation of acrolein from glucose via hydroxy acetone (a). RA, retro aldol-cleavage. Proposed formation of acrolein from arachidonic acid according to Esterbauer and co-workers [5] . Hypothetical formation of acrolein, 1-alken-3-ones, and 1-alken-3-ols from 3-hydroperoxy-1-alkenes (authors' interpretation of results obtained by Pan and co-workers [22] ). Proposed reaction pathway for the formation of acrolein from threonine mediated by myeloperoxidase (MPO) (adapted from Anderson et al. [7] ). Amine oxidase-mediated catabolism of spermine yields acrolein and 3-aminopropanal. Metabolism of acrolein. Michael addition of ascorbate to acrolein: ,ascorbylation of acrolein'. DMF, dimethylformamide. Adduction of deoxyguanosine to acrolein. Adduction of acrolein to amino acid residues in proteins. MALDI-MS/MS spectrum of the HICAT-labeled acrolein-modified peptide from ADP/ATP translocase 1 (ADT1_RAT, a.a. 245-258) found in heart mitochondria from 24-month-old untreated rats. As precursor ion for the MS/MS experiment, the peptide ion with m/z 2116.0 was used. The fragment ion data indicate that Cys-256 was modified by acrolein and the resulting protein carbonyl was subsequently tagged by the aldehyde/keto-specific probe HICAT (adapted from [137] ).
